Dermal specialized pigment cells (chromatophores) are thought to be one type of extraretinal photoreceptors responsible for a wide variety of sensory tasks, including adjusting body coloration. Unlike the well-studied image-forming function in retinal photoreceptors, direct evidence characterizing the mechanism of chromatophore photoresponses is less understood, particularly at the molecular and cellular levels. In the present study, cone opsin expression was detected in tilapia caudal fin where photosensitive chromatophores exist. Single-cell RT-PCR revealed co-existence of different cone opsins within melanophores and erythrophores. By stimulating cells with six wavelengths ranging from 380 to 580 nm, we found melanophores and erythrophores showed distinct photoresponses. After exposed to light, regardless of wavelength presentation, melanophores dispersed and maintained cell shape in an expansion stage by shuttling pigment granules. Conversely, erythrophores aggregated or dispersed pigment granules when exposed to short-or middle/long-wavelength light, respectively. These results suggest that diverse molecular mechanisms and light-detecting strategies may be employed by different types of tilapia chromatophores, which are instrumental in pigment pattern formation.
Introduction
The ability to detect and respond to the visual environment plays a critical role in the survival of animals. Changing the body color pattern is a strategy frequently used by lower vertebrates and invertebrates, allowing them to respond to biotic and abiotic stimuli. These color-changing mechanisms greatly impact physiological and behavioural aspects of animals, including UV protection [1, 2] , thermoregulation [3, 4] , concealed communication [5, 6] , camouflage [7, 8] , mate choice [9, 10] , aggressive signaling [11, 12] , and social status display [13, 14] . Chromatophores, dermal specialized pigment cells, are thought to be the primary agents that shape body patterns in many animals. Chromatophores are typically categorized into six classes based on their internal structure and pigment colors: melanophores, erythrophores, xanthophores, cyanophores, leucophores, and iridophores [15] [16] [17] . They are capable of responding morphologically (in number or size) or physiologically (through translocation of inner pigment granules, i.e. aggregation or dispersion) in order to execute long-term or immediate color pattern changes, respectively [18, 19] . Integumentary color change is achieved in three ways: 1) through pigment granule motility, 2) through reflective plates within chromatophores, and 3) through coordination of different chromatophore classes and/or other tissues [20, 21] . The translocation of pigment granules within chromatophores was shown to be mediated by the action of microtubules and microfilaments, as well as various molecular motors [22, 23] .
In teleosts, this translocation is controlled by the sympathetic nervous system [24, 25] and regulated by hormones such as prolactin, catecholamines, melatonin, noradrenaline (NA), melanin-concentrating hormone (MCH), and alpha-melanocyte-stimulating hormone (a-MSH) [9, 14, [26] [27] [28] [29] [30] . For example, erythrophores in Nile tilapia (Oreochromis niloticus) and swordtail (Xiphophorus helleri), pigment aggregation can be triggered by MCH, while dispersion can be mediated by MSH [28, 29] . Pharmacological evidence suggests that the increase or decrease in intracellular cAMP level regulated by G s or G i protein plays an important role in signal transduction pathways of hormonemediated pigment granule movements in chromatophores [29, 31] .
Recently, studies have shown that light can also trigger the color-changing process, and that these photoresponses depend on the intensity and wavelength of the light stimulus [32] [33] [34] [35] . Chromatophore spectral sensitivity has been measured from several teleosts. For example, the most effective wavelength to induce melanophore dispersion of Oryzias latipes and Zacco temmincki are near 415 and 525 nm, respectively [36, 37] . These results show that maximum chromatophore photosensitivity varies across species. Moreover, the light-induced translocation of intracellular pigment granules (i.e. retrograde vs. anterograde) is not identical in the same chromatophore class. For instance, xanthophores under illumination disperse in Trematomus bernacchii, but aggregate in Oryzias latipes [38, 39] .
Opsins have been suggested to be involved in chromatophore photoresponses, as putative opsins have been detected in skin tissues [32, 33, 40] . However, this hypothesis relies mainly on molecular evidence, e.g. opsin gene expression in integumentary tissues [32, 33] . Moreover, chromatophore photoresponses were proposed to be generated through a pathway other than the G t protein-activated cGMP signaling pathway in retinal photoreceptors. Thus, chromatophore dispersion and aggregation were suggested to occur through the G s or G i protein-activated cAMP signal transduction pathway, similar to that found in hormonal regulation of chromatophores [31, 32, 41] . Nevertheless, the relationship between visual pigments and chromatophore photoresponses remains unclear.
An opsin protein in combination with a chromophore forms a visual pigment. Different classes of opsins vary in amino acid sequences leading to the change of spectral absorption properties of visual pigments. In vertebrates, five classes of retinal opsin genes have been identified: one rod opsin (RH1) and four classes of cone opsins including short wavelength sensitive 1 (SWS1), short wavelength sensitive 2 (SWS2), rod opsin-like (RH2), and long wavelength sensitive (LWS) opsins [42] . Due to gene duplication, Nile tilapia (Oreochromis niloticus) possesses 7 cone opsin genes with distinct peak absorbances (l max ): SWS1 (360 nm), SWS2b (423 nm), SWS2a (456 nm), RH2b (472 nm), RH2ab (518 nm), RH2aa (528 nm), and LWS (561 nm) [43] . In the present study, we investigated the relationship between cone opsin expression and tilapia chromatophore photoresponses. Using RT-PCR, cone opsin expression was detected in tilapia caudal fin and coexpression of different opsin classes was found in individual melanophores and erythrophores at the single-cell level. We also showed these two major types of pigmented chromatophores (melanophores and erythrophores) in tilapia caudal fin demonstrated distinct photoresponses to incident light stimuli. Under illuminations, melanophores extended their processes and maintained dispersions by shuttling pigment granules (melanosomes). On the other hand, erythrophores aggregated and dispersed pigment granules (erythrosomes) at different spectral range. We suggest that this co-expression of different opsin classes is correlated to the dynamic photoresponses of these intrinsically photosensitive dermal chromatophores (ipDCs) in Nile tilapia. These findings are significant to our understanding of light-driven mechanisms within specific chromatophore classes, and advance our knowledge of how intrinsic dermal photosensitivity contributes to organismal survival and interaction.
Materials and Methods

Ethics Statement
The protocol used for the experimental fish was reviewed and approved by the Queen's University Animal Care Committee (Protocol NO: Hawryshyn-2010-004-R3-A1) and all procedures complied with the Canadian Council for Animal Care regulations.
Animal
Adult male Nile tilapia Oreochromis niloticus ( Figure 1A ; 46.767.1 g body mass, 14.860.6 cm standard length) were obtained from a local fish farm, Northern American Tilapia Inc. (Lindsay, Ontario, Canada). Fish were kept at a water temperature of 25uC under a 12 h:12 h L:D light cycle and the lighting condition was provided by full spectrum fluorescent lamps (see Figure 2 ; Full Spectrum Solutions, Inc., Jackson, MI, USA). Fish were anaesthetized by immersion in MS-222 (Syndel Laboratories Ltd., Qualicum Beach, BC, Canada) and sacrificed by cervical transection. Because circadian changes of opsin expression and pigmentary patterns have been reported in fish [44, 45] , dissections were always carried out from 11:00 am to 13:00 pm. All procedures complied with the Canadian Council for Animal Care regulations and the Queen's University Animal Care Committee.
Preparation of Split-fin Tissues and Isolation of Single Chromatophore
Chromatophores were isolated by methods described previously [46] [47] [48] . Briefly, the integumentary tissues were excised, rinsed with 70% ethanol as well as Ca 2+ , Mg 2+ -free, Dulbecco's phosphate-buffered saline (CMF-PBS: NaCl 136.9 mM, KCl 2.7 mM, Na 2 HPO 4 8.1 mM, KH 2 PO 4 1.5 mM; pH 7.2), and cut into pieces about 5-mm 2 in CMF-PBS. To remove the epidermis, tissues were incubated in EDTA-bicarbonate solution (pH 7.4) and stirred for 20 min. Following incubation with vigorous shaking in 0.25% collagenase type II (Sigma-Aldrich, St. Louis, MO, USA) for 30 min, chromatophores were isolated from split-fin tissues. The dissociated cells were filtered through 140-mm Nylon membrane filter (Millipore, Billerica, MA, USA) 
RT-PCR Analysis
Primers for tilapia cone opsins were designed using Primer 3 software based on the sequences published on GenBank (refer to (homolog of zebrafish OPN4a), and teleost multiple tissue (homolog of pufferfish TMT) opsin in single-cell RT-PCR analysis and no expression was detected in individual chromatophores examined (data not shown; n = 7 for melanophores, and n = 12 for erythrophores).
To investigate cone opsin expression profiles in different types of chromatophores, single-cell RT-PCR was conducted under the aforementioned condition and a power analysis (statistical power = 0.9, a = 0.05, two-tailed test) was administrated to determine the sample size of cells (n = 22 for melanophores, n = 28 for erythrophores).
Measurements of Chromatophore Photoresponses
Split-fin tissues containing chromatophores were incubated in the culture medium (mixture of Leibovits L15 medium, fetal calf serum, and water in a ratio 80:15:5, penicillin-G 100 U/ml, kanamycin 100 mg/ml) at 25 uC in a water-jacked CO 2 incubator in the dark for 2 days. After 2 days of culture, tissues were 380, 420, 460 , 500, 540, and 580 nm) for 3 minutes. Images of chromatophore photoresponses were taken using a Qimaging Microimager II CCD camera and QCapture Suite V2.46 software (Qimaging, Burnaby, BC, Canada). All the experiments were conducted at 25uC in darkness and tissues were continuously perfused with PBS.
Results
Cone Opsin Gene Expression in Tilapia Caudal Fin
In sexually mature male tilapia, caudal fins typically bear pigmentation traits such as vertical bars ( Figure 1B) ; these bars contain a high density of chromatophores. Cone opsin expression in tilapia caudal fin was investigated using RT-PCR with primer sets amplifying the target tilapia cone opsin genes (see Table 1 ). All cone opsin genes were detected in caudal fin but not in the split fin tissue without chromatophores (Figure 3) . Therefore, we suggest cone opsin expression in tilapia caudal fin could be associated with the presence of chromatophores.
Cone Opsin Expression of Individual Melanophores and Erythrophores
To confirm cone opsin expression in individual chromatophore, we performed single-cell RT-PCR on melanophores and erythrophores. Opsin gene classes expressed in individual melanophores and erythrophores varied in number (Table 2 and 3) . The results showed that co-expression of different classes of cone opsin genes was frequently found in chromatophores we examined (73% in melanophores and 64% in erythrophores). Among cells expressing only one opsin, melanophores expressed either SWS1 or RH2b (Table 2) ; erythrophores expressed SWS1 or one of the RH2 group genes (RH2b/RH2ab/RH2aa; Table 3 ). When expressing more than one class of opsins, most melanophores expressed SWS1 with other class of opsin genes (14 out of 16) and erythrophores tended to co-express SWS1 with at least one of the RH2 group genes (RH2b/RH2ab/RH2aa) (17 out of 18). The opsin expression profiles from melanophores and erythrophores suggested that SWS1 and RH2 genes are primarily expressed genes and may play important roles in chromatophore photosensitive functions.
Photoresponses of Melanophores and Erythrophores
In order to understand the relationship between opsin expression and the dynamic chromatophore photoresponse, we measured chromatophore responses at six wavelengths ranging from 380 to 580 nm. Both of melanophores and erythrophores were light-sensitive, but showed their photoresponses in different manners. Regardless of wavelengths, melanophores dispersed and tended to maintain their shape in the dispersion stage by shuttling pigment granules when receiving light stimulus (Figure 4 ; also see Movie S1). On the other hand, erythrophores exhibited wavelength-dependent photoresponses: aggregations were induced when short-wavelength light was applied ( Figure 5A-D) , while 
Discussion
In previous studies, opsins detected in integumentary tissues are suggested to endow chromatophores with the ability to respond to light. However, the lack of direct evidence showing opsin expression at the single-cell level or the link of opsins and chromatophore photoresponses has hindered our understanding of the photosensitive mechanism within chromatophores. In the present study, cone opsin expression was detected in tilapia caudal fins where chromatophores are present. We further employed single-cell RT-PCR to demonstrate the specific opsin expression profiles in two chromatophore populations. We found SWS1 is the prominent opsin expressed in both melanophores and erythrophores. In addition, the expression profile reveals that in most erythrophores, SWS1 is co-expressed with at least one of the RH2 group genes. When presented with light stimuli at different wavelengths, melanophores and erythrophores showed distinct responses. Under illuminations, melanophores dispersed and shuttled melanosomes to maintain cell shape in the dispersion stage while erythrophores acted in a wavelength-dependent manner. Although a variety of opsin repertoires are present in melanophores and erythrophores, some particular classes of opsins detected at higher frequencies may be responsible for their distinct photoresponses. More functional characterizations of ipDC photoresponses are required to clarify the involvement of opsins in this extraretinal photosensitive system.
In addition to inter-and intraspecific communication, there is also evidence that color changes are closely associated with habitat or background colors [18, 49] . For example, when medaka Oryzias latipes are adapted to white background, their body colors become paler due to the aggregation, reduced cell size, or even melanophore apoptosis [19, 50] . These results highlight the importance of environmental photic factors on body color patterns; however, how animals coordinate visual cues with their body color performances remains unclear. Previous work has suggested that chromatophores are able to directly respond to incident light, but this work lacked molecular evidence at the single-cell level to demonstrate that visual pigments are expressed in chromatophores. Studies using spectral analyses show that chromatophores in some vertebrates possibly express only one opsin, which regulates one corresponding photoresponse [36, 37, 51, 52] . More recently, PCR data from tilapia skin tissue but not from single chromatophore, suggested tilapia erythrophores express two putative opsins, RH2 and LWS [32] . In the present study, however, we detected SWS1 and RH2 group genes at higher frequency and LWS at lower frequency in opsin expression profile of erythrophores (see below and results of single-cell RT-PCR as well). Our results were obtained at the single cell level, which eliminated the possibility of misrepresented expression pattern from mixed cells, or contamination. Moreover, the previous study used primers sets restricted to two opsins, RH2 and LWS. These explain the discrepancy between our work and previous results. Therefore, we suggest molecular work should be conducted at single-cell level to truly reflect the expression file of a specific chromatophore population.
Distinct photoresponse of tilapia melanophores and erythrophores suggest they may have different importance in physiolog- ical functions. Melanophores were suggested to prevent incident light from penetrating body surface and harming internal organs since melanin has been thought to provide effective photoprotection via absorption of UVA and UVB [53, 54] . Nevertheless, based on the photoresponses measured herein, melanophores more likely serve as a broad-spectrum light filter. Instead, dynamic photoresponses of erythrophores can generate specific photic effects with other classes of chromatophores in a dermal chromatophore unit when confronting various light stimuli. Recently, increasing evidence for extraretinal photoreceptors in varied locations across the body has been reported, and their visual pigments are suggested to aid in physiological regulations such as circadian rhythms, pupil size, and body coloration tuning [55] . Indeed, increasing evidence shows that some animals possess light-mediated behaviours due to their dermal sensitivity [56] [57] [58] . Moreover, evidence shows that SWS1 opsin expression in pineal organ is detected during different life stages in a wide rage of teleosts [59] . Since high frequency of SWS1 expression was found in cone opsin expression profiles of tilapia melanophores and erythrophores, ultraviolet photosensitivity may play important roles in some extraretinal photoreception. Although no expression of RH1, OPN4, and TMT opsins was detected in RT-PCR analysis, we cannot completely rule out the possibility that other types of opsins are involved in chromatophore photoresponses represented herein. The expression of non-visual opsins sensitive to UV and green light has been identified in photosensitive organs of different vertebrates [60] [61] [62] [63] . For example, evidence has shown a non-mammalian type of UV-sensitive neuropsin (cOPN5L2) in birds [61] and green-sensitive vertebrate ancient (VA) opsins in zebrafish [62, 63] . Because of the diversity of non-rod, non-cone visual pigments and their unclear functions in various organs, more molecular data and functional analysis are required to exclude their possible involvement in chromatophore photoresponses. Furthermore, the details of how photoreception and phototransduction take place within chromatophores are unknown so far. There is not yet direct evidence that opsins are expressed in cell membrane, cytoplasm, or intracellular granules. It is also unclear whether the opsins utilize the identical type of the lightsensitive chromophore in retina, although chromophores were isolated from extraretinal photoreceptors in some species [64] [65] [66] . It was suggested that non-image-forming photosensitive systems may adopt the chromophore selected by the visual system [65] . In order to understand if ipDCs compose a dermal photosensory system that independently detect a change in quantity and quality of light, expression studies alone are not enough and more cellular evidence and functional analysis are required, especially on undercharacterized photosensitive systems.
Conclusions
Our data demonstrate opsin expression in tilapia integumentary tissue. More specifically, we identify and describe the fundamental molecular information of co-expression of opsins within individual chromatophores, which could be related to distinct photoresponses of different types of ipDCs. These observations indicate that diverse molecular mechanisms and photoreactive strategies may be employed by different classes of chromatophores, which play distinctive roles in pigment pattern formation and other physiological functions [53, 67, 68] . In the future, we will analyze chromatic performance of chromatophores to characterize the spectral sensitivity. This information will not only help us perform a comprehensive comparison of chromatic interactions of photoreceptors/opsins in retina and extraretinal tissues, but it will also provide an excellent chance to understand how animals coordinate multiple visual cues from different light-sensitive organs.
Supporting Information
Movie S1 Melanophore photoresponses under illumination. Melanophore photoresponses under illumination at 500 nm (13.9 log photons cm 22 s 21 ) for 10 minutes. Under illuminations, melanophores tended to maintain their shape in the dispersion stage by shuttling pigment granules (melanosomes). Scale bars: 20 mm. (WMV)
